ABSTRACT: The medial temporal lobe (MTL) plays a critical role in episodic long-term memory, but whether the MTL is necessary for visual short-term memory is controversial. Some studies have indicated that MTL damage disrupts visual short-term memory performance whereas other studies have failed to find such evidence. To account for these mixed results, it has been proposed that the hippocampus is critical in supporting short-term memory for high resolution complex bindings, while the cortex is sufficient to support simple, low resolution bindings. This hypothesis was tested in the current study by assessing visual shortterm memory in patients with damage to the MTL and controls for high resolution and low resolution object-location and object-color associations. In the location tests, participants encoded sets of two or four objects in different locations on the screen. After each set, participants performed a two-alternative forced-choice task in which they were required to discriminate the object in the target location from the object in a high or low resolution lure location (i.e., the object locations were very close or far away from the target location, respectively). Similarly, in the color tests, participants were presented with sets of two or four objects in a different color and, after each set, were required to discriminate the object in the target color from the object in a high or low resolution lure color (i.e., the lure color was very similar or very different, respectively, to the studied color). The patients were significantly impaired in visual short-term memory, but importantly, they were more impaired for high resolution object-location and objectcolor bindings. The results are consistent with the proposal that the hippocampus plays a critical role in forming and maintaining complex, high resolution bindings. V C 2016 Wiley Periodicals, Inc.
INTRODUCTION
The medial temporal lobe (MTL), particularly the hippocampus and surrounding parahippocampal gyrus, plays a critical role in episodic long-term memory (Squire and Zola-Morgan, 1991; Aggleton and Brown, 2006; Eichenbaum et al., 2007; Yonelinas et al., 2010) , but whether the MTL is necessary for short-term memory is controversial. Early neuropsychological studies demonstrated preserved short-term memory in amnesic patients with MTL damage on tasks such as digit span (Scoville and Milner, 1957) and recency effects in free recall of word lists (Baddeley and Warrington, 1970) . This early work, along with subsequent research (Warrington and Baddeley, 1974; Warrington, 1981; Holdstock et al., 2000) , led to the conclusion that MTL damage does not impair short-term memory. However, the above conclusion has been challenged by recent findings showing that, under certain circumstances, the MTL plays an important role in short-term memory (Ryan and Cohen, 2004; Ranganath and Blumenfeld, 2005; Olson et al., 2006a,b; Hartley et al., 2007; Hannula and Ranganath, 2008; Warren et al., 2010; EsfahaniBayerl et al., 2016) . For example, Olson et al. (2006a,b) found that patients with focal hippocampal damage showed impaired short-term memory for object-location associations, but normal short-term memory for individual objects. Such findings have led to the proposal that the MTL, particularly the hippocampus, is critical for short-term memory for associative or relational information.
There are however a number of studies that failed to find short-term memory impairments for associative information in MTL patients (Shrager et al., 2008; Baddeley et al., 2010; Jeneson et al., 2010 Jeneson et al., , 2011 , which suggests that a purely associative deficit account does not sufficiently capture the conditions in which the MTL is involved in short-term memory. To reconcile the disparate findings that hippocampal or MTL damage can affect both long-term and short-term memory, Yonelinas (2013) proposed the hippocampus supports long-and short-term memory, as well as perception, when a task requires the formation or maintenance of complex, high resolution bindings. According to this hypothesis, associations between an item and other features can vary continuously along two dimensions: complexity and resolution. The complexity of an association varies from simple bindings, such as binding one item to one color, to complex bindings, such as binding multiple items with multiple features together. Moreover, the resolution of the representation can Depiction of the experimental task. There were location and color perception phases, as well as a four visual short-term memory (STM) phases that crossed resolution (high vs. low) with feature type (color vs. location). In the perception tasks, participants were presented with a single object followed immediately by a dynamic mask for 102 ms, which was then followed by a two-alternative forced-choice decision in which participants had to select the object in the correct location or color. The procedure was similar for the STM blocks, with the exception that there were multiple objects in each set, no dynamic mask, and a 3 second retention interval between the last item in the study set and the first test probe. The change in the lure location or color was always more pronounced for the low resolution (set size of 4) relative to the high resolution (set size of 2) blocks. [Color figure can be viewed at wileyonlinelibrary.com] also vary from low (e.g., orange vs. blue) to high (e.g., navy blue vs. royal blue). The theory proposed by Yonelinas (2013) predicts that the hippocampus will be critical for associations that involve high resolution representations (e.g., precise color or location) whereas the hippocampus will be less involved for associations that depend on low resolution representations (e.g., orange vs. blue or left vs. right).
The purpose of the present experiment was to test the prediction that the MTL plays a pivotal role in visual short-term memory for high resolution associations. In the present study, we tested four patients with MTL damage and 12 age-and education-matched controls using a visual short-term memory task that varied the resolution requirements of associative information (see Fig. 1 ). Participants were presented sets of trialunique objects that varied in location or color. After a brief retention interval, participants were shown each object in the prior set and asked to retrieve the object-location or objectcolor association with a two-alternative forced choice task. For the location condition, the object appeared in the correct (target) location and in a different (lure) location. For the color condition, the object appeared in both the target color as well as a lure color. The resolution required to make the memory judgment was controlled by varying how similar the lure detail was to the target detail. We predicted that MTL patients would be impaired for high resolution, but not low resolution, associations. An important feature of the high resolution complex binding hypothesis is that the hippocampus supports shortterm memory for high resolution associations regardless of the type of associative detail (e.g., location and color). Thus, this account predicts that hippocampal damage will impair high resolution associations for both location and color details. However, given that the hippocampus plays a pivotal role in representing spatial information (O'Keefe and Nadel, 1978; Burgess, 2002; Lee et al., 2005) , it could be the case that the hippocampus supports high resolution bindings only for location. If this latter account is accurate, then we would expect our patients to show selective impairments for high resolution object-location, but not high resolution object-color bindings.
There are two additional aspects of our design that bear introduction. First, as depicted in Figure 1 , we selected a smaller set size for the high resolution conditions (set size 5 2) to ensure that performance was not lower than that of the low resolution conditions (set size 5 4). The reason for this was to avoid interpretive difficulties that could arise if the patients were found to be more impaired in the harder of the two conditions (i.e., the high resolution conditions). To foreshadow our results, this manipulation was successful. In fact, the healthy control participants performed slightly better in the high than the low resolution condition. This same pattern of performance (high resolution > low resolution) with the above set sizes was also observed in a behavioral pilot study in young college students conducted prior to the experiment reported here.
Second, given that the high-resolution binding hypothesis asserts that the hippocampus is critical for binding of highresolution information within an event, it was important rule out the possibility that the patients simply had a deficit in their ability to accurately discriminate between the specific high resolution colors or locations that we used in the current experiment. To do so, we included a perception control task that was identical to the short-term memory test except that on each trial only a single object was presented, and this was followed by a very brief delay with a backward mask (102 ms). Participants were then given a two-alternative forced choice test to report for the location or color that was just presented (see Fig. 1A ) (We acknowledge that, due to the backwards mask, the perceptual control task might not be a pure measure of perception, but instead measure working memory on a very short time scale. The critical point however, is that this task allowed us to determine if patients were able to make accurate discriminations about the location and color features that were used in the critical short-term memory conditions). Unlike the shortterm memory tasks in which the color or location information had to be bound to a specific trial-unique object, the perceptual control condition only required the high resolution feature (i.e., color or location) to be perceived (and remembered).
METHOD
This study was approved by the Institutional Review Board at the University of California, Davis. All participants provided informed consent prior to participation and were monetarily compensated for their time.
Participants
The participants in the present study comprised 4 patients with MTL damage resulting from various etiologies (see below) and 12 healthy controls that were matched on age, MRI scans for a representative healthy control and the four patients in the present study. Two patients had selective hippocampal damage (1001, 1003), and two patients had damage to the hippocampus and surrounding parahippocampal gyrus (1005, 1007).
[t (14) Table 1 shows the neuropsychological characteristics of each patient included in this study, and Figure 2 shows representative coronal slices illustrating the MTL damage in each patient. Each patient was administered the Shipley (Shipley, 1940) , WMS-R (Wechsler, 1987) , and Doors and Peoples Test (Baddeley et al., 1994) . The Shipley was used to estimate WAIS-R IQ (Zachary et al., 1985) .
Patients
Patient 1001 suffered from Hashimoto encephalopathy, and exhibited abnormal necrotic cavities on the left hippocampus and similar but less pronounced cavities on the right hippocampus. This patient's cavities had a rounded shape and resembled the pathologic cavities consistent with individuals who suffered hypoxia-related CA1 necrosis (Nakada et al., 2005) . No damage was visible in any other brain region.
Patient 1003 had limbic encephalitis that resulted in bilateral hippocampal damage with no apparent damage to other regions including the surrounding MTL cortex. Grey matter volume estimates indicated that the left and right hippocampi were reduced in volume, but no other MTL structures showed significant volume reduction (estimates of MTL volumes are reported as Patient 2 in Aly et al., 2013) .
Patient 1005 had a traumatic brain injury due to a car accident and suffered bilateral damage to the MTL that included damage to the perirhinal cortex, parahippocampal cortex and hippocampus. Data for the regional volumes of the different MTL regions for this patient is reported in Kolarik et al. (2016) .
Patient 1007 suffered from viral encephalitis, resulting in encephalomalacia and extensive volume loss in the right temporal lobe and the right orbitofrontal cortex. The damage to the right temporal lobe included damage to the perirhinal cortex, the parahippocampal cortex and the hippocampus.
Materials
The materials comprised 298 black and white clip art images of objects obtained from various Internet sources (see Fig. 1 ). All of the images were resized to 150 3 150 pixels, and the white background of each image outside of the object was made transparent. A total of 288 object images were assigned to be the critical stimuli in the short-term memory task, eight objects were assigned to be practice items in the short-term memory tasks, one image was assigned to the location perception phase, and one image was assigned to the color perception phase. Note that the two images for the perception condition were resized to be 100 3 100 pixels. The images used as the critical stimuli, practice stimuli, and perception stimuli were the same across participants. The 288 critical objects for the short-term memory task were randomly divided into four groups of 72 objects for the low resolution location, high resolution location, and low resolution color conditions, and 70 objects to the high resolution color conditions for each participant. We intended to have 72 objects in the high resolution color condition, but an error in the stimulus presentation script that was noticed after completion of the study resulted in having only 70 objects in the high resolution color condition. The locations and colors for each object in the short-term memory phase and the trials in the perception phase were randomly determined for each participant. All stimuli were presented to participants on a gray background using PsychoPy Version 1.75.01 software (Peirce, 2007) on a 24 inch Apple iMac computer.
Location trials
In the low resolution location condition, an object could appear in one of eight possible locations (in pixels on the horizontal plane): 2700, 2500, 2300, 2100, 100, 300, 500, and 700. Note that the location refers to the center of each image. Objects appeared in one of the above locations during the encoding period. During the test probe, each object appeared in two locations; one was identical to the encoding location, and the other was the lure location that was two positions (i.e., 400 total pixels of horizontal distance) to the left or right of the encoding location. This approach allowed for 12 possible (Shipley, 1940; Zachary et al., 1985) .
encoding/lure location pairings: 2700/2300, 2300/2700, 2500/2100, 2100/2500, 2300/100, 100/2300, 2100/300, 300/2100, 100/500, 500/100, 300/700, and 700/300. The twelve pairings were randomly assigned to each object with the constraint that each pairing was used equally often. This resulted in 6 trials of each target/lure pairing. After assigning the locations, the 72 objects were randomly divided into 18 sets of four objects. Within each group, the order of the encoding and test presentations was randomly determined for each set of four objects. The objects in the high resolution location condition were allowed to appear in any location between 2700 to 700 pixels. Each object was assigned a random location for the encoding period from the range described above (with 1 pixel increments), and the lure location was determined as 150 pixels to the left or right of the encoding location. Before randomly determining the encoding location, 50% of the trials were assigned to have the lure appear left (2150 horizontal pixels) of the encoding location with the other 50% assigned to have the lure appear to the right (1150 horizontal pixels) of the encoding location. However, the direction of the lure location was switched from left to right (or vice versa) if the lure location was outside of the range of possible locations. For example, if the encoding location was within 150 pixels of the left endpoint (e.g., 2600 pixels), and the lure location was assigned to appear to the left of the encoding location, which would have resulted in a location of 2750 pixels, then the lure location was switched to the right of the target location (e.g., 2450 pixels). This was done to avoid completely novel lure locations. After the encoding and lure locations were assigned, the 72 objects were randomly divided into 36 sets of two objects, and the ordering of the encoding and test presentations were randomly determined for each of the 36 sets.
Color trials
To create the colored objects, all of the white pixels in the object were replaced with a color determined using HueSaturation-Value (HSV) coordinate system. The saturation and value coordinates were constant for each image and both were set at 0.75. Thus, the only parameter that varied between the colors was the hue which ranged from 08 to 3598.
In the low resolution color condition, the objects appeared in one of 8 possible colors (in hue values): 08, 458, 908, 1358, 1808, 2258, 2708, and 3158 . Objects appeared in one of the above colors during the encoding period, and the lure color was determined by shifting the encoding hue 6908. The 12 encoding/lure color pairings were (in hue values): 08/908, 908/ 08, 458/1358, 1358/458, 908/1808, 1808/908, 1358/2258, 2258/ 1358, 1808/2708, 2708/1808, 2258/3158, and 3158/2258 . The twelve pairings were randomly assigned to each object with the constraint that each pairing was used equally often, resulting in 6 trials of each target/lure pairing. Similar to the low resolution location trials, the 72 objects assigned to the low resolution location condition were randomly divided into 18 sets of 4 objects, and the order of the encoding and test presentations was randomly determined for each set of 4 objects.
The objects in the high resolution condition could be assigned a hue value between 08 and 3598. Each object was assigned an encoding color in the range just described (in 18 increments), and the lure color was determined to be 6258 of the encoding color. Half of the trials were assigned to have the color change by 1258 and the other half were assigned to have the color change by 2258. However, if the lure location crossed the 3608 value, the direction of the change was reversed. For example, if the encoding color of an objects was assigned a hue of 58, and the lure color was determined by changing the color by 2258 (resulting in a hue of 3408), then the direction of the change in hue was reversed. The reason for this was to have the high resolution color condition mimic the high resolution location condition. Finally, the 70 trials in the high resolution color were condition randomly divided into 35 sets of two objects, and, for each group, the ordering of the encoding and test presentations were randomized.
Practice trials
The assignment of locations and colors for the eight practice objects was nearly identical to that described above. However, unlike the critical stimuli, the eight objects appeared in each of the four conditions outlined above. For both the location and color condition, the eight objects were randomly assigned to two sets of four objects and four sets of two objects for the low and high resolution conditions, respectively.
Perception trials
The target location for the object in the location perception condition was selected in the same fashion as described above for the high resolution location condition. However, the lure location was determined as 690 horizontal pixels from the location condition. As with the high resolution location condition, if the lure location was outside of the acceptable range of locations, the direction of the lure location was switched. The target color for the object in the color perception was selected in the same manner as the high resolution color condition describe above. However, the lure color was determined by changing the hue of the encoding color by 615. Again, if the change in the hue crossed 3608, the direction of the change was reversed. A total of 54 target/lure locations and colors were generated for the objects in the location and color perception condition. For each condition, six pairs were assigned as practice trials, and 48 were assigned to be critical trials.
In addition, three black-and-white and three color checkerboard images were created and used as backward masks in the perception condition. The images were 1600 3 400 pixels. The black-and-white checkerboards were created by randomly assigning pixels to be black or white. The color checkerboard images were created in a similar manner, but the pixels were randomly assigned a color using the same HSV parameters described above.
Procedure
Each participant completed the three main blocks of the experiment in the following order: (1) perception, (2) low resolution short-term memory (with a set size of 4), and (3) high resolution short-term memory (with a set size of 2). Within each of the three main blocks, the location condition occurred first and the color condition occurred second (see Fig. 1 ). Note that for each of the six total phases participants first completed a short practice list before the critical list was presented.
Before each phase, participants were instructed that they would be shown a series of objects and their task was to remember the location or color each object was presented in. For the perception phases, a single object was initially presented for 102 ms and followed by a 102 ms dynamic mask (34 ms presentation of each of the three black-and-white or color mask images for the location and color phases, respectively). For the location condition, the initial object was presented in the target location along the horizontal axis centered along the vertical axis. The initial object in the color condition were presented centrally on the screen in the target color. Immediately after the dynamic mask, participants were administered a two-alternative forced-choice (2AFC) location/color decision where the object appeared in two locations or colors one the screen, with one being in the target location or color and the other being in a lure location or color. The words "left" and "right" appeared below the two objects on the screen. In the color condition the target and lure colored objects were presented 2125 and 125 pixels left and right of the center of the screen, and the object in the target color appeared equally often on the left and right. Participants were instructed to select the object that was in the same location or color using the left and right arrow keys. It is important to point out that for the location condition the left and right responses did not correspond to the side of the screen the object was presented in, but the relative location of the two alternatives. The responses in the test period were self-paced. After a response was entered, there was a 500 ms fixation inter-trial interval (ITI) before the next trial. This procedure was completed until all of the perception trials in the location or color condition had been presented.
The four short-term memory phases were similar to the perception tasks described above with the exception that there was no dynamic mask and multiple objects were presented in the target location or color before the 2AFC test probes. Before presentation of the first object in a group, the word "study" appeared on the screen for 1000 ms to cue participants that they should remember the location or color of the objects. After a 100 ms fixation period, each object in the low (set size of 4) and high (set size of 2) resolution conditions were each presented for 350 ms followed by a 100 ms ITI. Following presentation of the last object, there was a 2000 ms delay (fixation) before the retrieval period. After the delay period, participants were cued with the word "test" for 1000 ms to inform participants that they would have to remember the location or color of the objects they just studied. Following a 500 ms fixation period, participants were tested on each object from the immediately preceding encoding session one at a time. The retrieval period for the short-term memory phases was identical to the perception phases, with the exception that there was a 250 ms ITI between successive trials in the retrieval period. After the final object of a set was tested, there was a 2000 ms fixation period before the encoding period for the next set of objects began. The encoding-retrieval cycle above was completed until all of the sets of objects were presented to participants.
RESULTS
The dependent variable of interest was the proportion correct on the 2AFC judgment for the perception and short-term memory blocks (see Table 2 ). To test whether patients and controls differed in their ability to perceive and differentiate the stimulus feature dimensions used in the short-term memory tasks (i.e., color and location), we examined performance in the perceptual control tasks using a 2 (Group: Control, Patient) 3 2 (Feature: Location, Color) mixed ANOVA. There was a significant main effect of Feature, indicating that accuracy was higher for the color feature relative to the location feature [F(1,14) . In order to assess whether the patient deficit in the high resolution short-term memory condition was related to interference from multiple test probes, we examined performance on the first test item only (see bottom panel of Table 2 ). Importantly, as in the overall analysis, the patients showed a significant impairment in visual short-term memory for high resolution associations ( 
DISCUSSION
The purpose of this study was to test the hypothesis that the hippocampus plays an important role in visual short-term memory when high resolution associations are required (Yonelinas, 2013) . To test this hypothesis, we assessed visual shortterm memory for high and low resolution object-location and object-color associations in four patients with damage to the MTL and healthy controls. Relative to short-term memory for low resolution associations, short-term memory for high resolution associations was impaired to a greater extent in patients with MTL damage. Although it is challenging to determine exactly which MTL regions are critical for the observed deficits in the present study, the two patients in the current study with Results depicting the significant interaction (P < .05) between of Group (patient vs. control) and Resolution (low vs. high) on visual short-term memory accuracy. The figure plots the proportion correct for the high and low resolution shot-term memory tasks for patients and controls collapsed across material (location or color). The interaction was driven by larger visual short-term memory impairments in MTL patients relative to controls for high resolution (P < 0.05) but not low resolution (P 5 0.19) associations. Open symbols depict the performance of the two patients with selective hippocampal damage, whereas close symbols depict the performance of the two patients with extensive MTL damage. Error bars reflect 61 standard error of the mean. what appeared to be selective hippocampal lesions (patients 1001 and 1003) exhibited deficits that were comparable to the patients with more extensive MTL lesions. Thus, the current results suggest that hippocampal damage is sufficient to cause impairments in short-term memory for high resolution bindings. The findings from the current study add to the growing body of work showing that, in addition to long-term memory, the hippocampus plays a critical role in short-term memory and scene perception (Aly et al., 2013; Graham et al., 2010; Warren et al., 2010; Goodrich and Yonelinas, 2016; Kolarik et al., 2016) . Importantly, these results suggest that the contribution of the MTL, and likely the hippocampus, to short-term memory depends on the resolution of a binding that needs to be maintained over a short delay.
The current results suggest that task difficulty is unlikely to account for the finding that patients showed larger impairments for the high resolution condition, which was the condition with the highest performance in controls. As discussed previously, interpreting task performance impairments in patients is difficult if the impairment is in the most difficult condition. Critically, the patients showed the largest impairment in the easiest (high resolution), not the most difficult (low resolution), of the two conditions. Furthermore, the impairment in the high resolution condition cannot be attributed simply to an inability to perceive or maintain the high resolution color or location information. Accuracy in the perceptual control task showed that the patients were able to make accurate discriminations about color and location when the pairs of stimuli were separated by brief delays (with a backwards mask) of 102 ms. Moreover, previous work has also shown that patients with MTL damage are not impaired at making high resolution perception judgments in an odd-man-out color discrimination task (Lee et al., 2005) .
The current patients were found to be impaired when either high resolution color bindings or high resolution location bindings were required, indicating that their impairments were not limited to remembering spatial location information. This is consistent with models that propose that the role of the hippocampus is not limited to spatial information (Yonelinas, 2013) . Nonetheless, there was a trend for the observed deficits in the high resolution condition to be numerically larger for location than for color (see Table 2 ), and we note that although the interaction between stimuli, resolution and patient group was not significant, it was close (P 5 0.059). Thus, the hippocampus may be particularly important for the binding of high resolution location information.
Although it is difficult to make any strong claims about individual patients, there was one patient who did not seem to have a deficit in the high resolution condition (patient 1005). This finding was rather unexpected, and it is unclear why this patient was able to performed at such a high level. We could not identify anything unusual in their neuropsychological scores, with the exception that their visual score on the WMS-R (z score) was slightly high (z-score 5 1.07) suggesting that they may be particularly good on visual memory tasks in general. Moreover, patient 1005 only performed poorly on neuropsychological test measures (i.e., the Delayed Score on the WMS-R and the Door's and People test) that required memory for information after a delay much longer than the delay in the current short-term memory experiment performed. Consistent with this, Kolarik et al. (2016) recently reported a case study of patient 1005 that revealed this patient had impaired memory in a virtual Morris water maze task that required maintenance of information over a longer delay than used in the current short-term memory study.
In general, the patients were impaired when the task required high resolution bindings, but no impairments were observed when the task required low resolution bindings. Although we propose that the pattern of impairments was due to patients being unable to form high resolution associations, another logical possibility is that the patients were unable to take advantage of the small set size. However, we do not know of any data that suggests hippocampal patients are more impaired with small set sizes than with larger set sizes, and some data indicate that patients are not impaired with smaller set sizes relative to larger set sizes (Jeneson et al., 2010; . In fact, prior findings that showed no short-term memory impairments in amnesics with low set sizes increase our confidence that the observed impairments are due to the high resolution requirement and not set size.
The current working memory conditions that required participants to retrieve high resolution bindings necessitated that participants have high resolution information to discriminate between highly similar targets and lures. One possible account of the deficits then is that the highly similar lures produced higher levels of interference between the targets and similar lures in the MTL patients relative to controls. Importantly, however, results from other studies that have used short term memory recall tests in which no test lures are provided, such as the color wheel task (Zhang et al., 2012; Warren et al., 2014) , have also indicated that hippocampal patients are impaired in short-term memory when they are required to provide high resolution color-binding information. Thus, the patients' deficits cannot be explained solely as reflecting a problem overcoming interference from highly similar lures at time of test. Rather their deficits would seem to reflect a failure to form sufficiently distinct memory representations. The current work is in line with earlier work suggesting a role of the hippocampus in supporting pattern separation in order to overcome interference from similar memory representations (Marr, 1971; Shapiro and Olton, 1994; McClelland et al., 1995; Kesner and Hopkins, 2006; Yassa and Stark, 2011) .
One potential limitation of the current study was that the high-resolution trials were presented after the low-resolution trials. We did this to avoid potential carryover effects whereby participants may continue to use high resolution information in the low resolution conditions, and thus the low resolution condition might not reflect performance as measured in most previous short term memory studies. However, one inadvertent effect of this is that fatigue may have impacted task performance, and if the patients were more sensitive to fatigue than the controls they may perform more poorly on the high than low resolution conditions. Although, the current study was relatively short in duration compared to other patient studies (i.e., it only took 30-40 mins to complete), fatigue effects are difficult to rule out. However, we don't believe that fatigue could explain the patient deficits we observed because in another recent study in which the high resolution trials were mixed across the experimental session, the patients were also found to exhibit working memory impairments for high resolution working memory trials (Goodrich and Yonelinas, 2016) .
In conclusion, the results from this study indicate that the hippocampus supports short-term memory for high resolution bindings (Yonelinas, 2013) . These findings converge with recent research by Kolarik and colleagues (2016) showing that the hippocampus plays a critical role high resolution navigation (for related results in rodents, see, e.g., Gilbert et al., 1998; Hunsaker et al., 2008; Kesner and Goodrich-Hunsaker, 2010; Talpos et al., 2010) , and with results that have established hippocampal involvement in complex scene perception (Aly et al., 2013; Lee et al., 2005; Lee et al., 2007 ; for review, see Lee, Yeung, and Barense, 2012) . For example, Aly et al. (2013) carried out corresponding patient and fMRI studies of a scene change detection paradigm in which they manipulated global aspects of the changed scenes. Accurate change detection in this paradigm relies on the ability to detect subtle differences in the way the features of the scenes are related to one another (Aly and Yonelinas, 2012) . Aly and Yonelinas (2013) found that patients with hippocampal damage were impaired in the scene change detection task and that the BOLD signal in the hippocampus tracked confidence in change detection. Taken together, these results suggest that the hippocampus supports perception, short-term memory, and long-term memory by representing high resolution bindings (Yonelinas, 2013) . Future work is needed to determine the exact role the hippocampus plays in representing high resolution associations. Of particular relevance to the present study, it is unclear if the hippocampus is necessary for encoding, maintaining, or retrieving high resolution associations in visual shortterm memory. Future studies that employ alternative methods, such as fMRI, will be useful in answering the above question as well as providing additional evidence for the hypothesis that the hippocampus supports short-term memory for complex, high resolution bindings.
